A methodology for remotely and wirelessly reading any type of unpowered impedance varying sensor is described. Unpowered wireless sensors, in existence for a number of years, have been limited to low impedance sensors. Techniques for reading high impedance sensors are introduced here. The resulting methodology can be used to measure a wide range of different sensors, including temperature, pressure, light level, mechanical switch, acoustic emission, and acceleration. These sensors report physically measurable data in the same manner as do similar conventional sensors, but they do it remotely and without any local power source. The sensors are measured remotely using a radar-like interrogation device, and the sensors and their related communication electronics draw all of the power needed for communicating from the radar pulse.
variety of different tags and tag reading methodologies have been reported [1] [2] [3] . The SAW device is used all together as an energy storage medium, a delaying device, and a signal processing device. The SAW device receives energy from the radar interrogation pulse, delays any response until all radar echoes have died away, and then re-transmits a signal that has been modified proportionally to an attached impedance-varying sensor. The SAW device does all of this without the use of any power source other than the energy contained in the radar pulse.
SAW devices also enable the differentiation of different sensors by a variety of different methods. It is essential to differentiate one particular tag of interest from any other tags that might be within range of the interrogator. SAW devices can be differentiated in terms of frequency, coding, or time response. For frequency-based selectivity, tags are designed to respond to different narrow frequency bands, and the interrogator can select the tag of interest by changing the interrogation frequency. The narrow frequency selectivity is accomplished at the tag by means of a SAW filter. SAW filters provide narrow frequency separation and conversion of variable impedance information into RF signal modulation. Sensors that vary impedance with respect to some physical parameter can be measured remotely by measuring the proportional modulation in the RF return signal from the SAW filter.
For code-based selectivity, a SAW correlator is used at the tag. The tag can be made to only respond optimally if a correctly coded interrogation signal is sent. Similarly, for time-delay based selectivity, SAW filters with different acoustic path lengths are used. A single interrogation pulse will then read out all sensor tags which will respond in a prearranged order. The simplest approaches, suitable for a small array of sensors, use either frequency or time-based selectivity. Code-based selectivity can service a much larger constellation of sensors, but at the price of greater complexity and shorter range operation.
System Overview
Passive remote sensing using SAW devices has common elements regardless of the physical property begin measured. Each sensing arrangement consists of 1) a small radio transmitter sending out a short burst of radio frequency (RF) waves, 2) a SAW-based tag both receiving and modifying a portion of that signal, and 3) a receiver to pick up the transmitted and modified pulse ( fig. 1) . If the receiver and transmitter are in separate locations, the arrangement is described as being bi-static. If the receiver and transmitter are co-located, the arrangement is mono-static. A SAW filter is a bandpass, frequency selective device that operates by converting electrical energy into acoustic energy in order to perform signal processing operations on the signal. The SAW filters used for remote sensing contain at least two ports. This means that they possess two electrical-to-acoustic transducers, designated arbitrarily as an input and an output port. The SAW-based sensor tag consists of a SAW filter with an antenna connected to its input port and an impedance varying sensor tied to its output port. The sensor tag varies its acoustically delayed radar cross section in proportion to the variable impedance load connected to the SAW's output port. Variations in sensor impedance are caused by variations in the physical property to be measured. For instance, a thermistor will vary its impedance as some function of temperature. If a thermistor is connected to the output port of a SAW device, its temperature induced impedance changes will, in turn, induce variations in the SAW filter's delayed acoustic impedance. The variations in the filter's acoustic impedance lead to variations in reflectance for a received RF wave.
The impedance induced variations are acoustically delayed and re-transmitted from the antenna at the input port of the SAW filter. That is, the RF pulse is first received by the tag's antenna. It is then converted into an acoustic wave by the input transducer of the SAW filter. The acoustic wave travels across the SAW device and is reflected off of the output transducer of the SAW. The reflectance of the acoustic wave is in proportion to the impedance of the sensor tied to that port. The reflected acoustic wave then travels back across the SAW, where it is re-transmitted by the antenna connected to the input port of the SAW. The variations in the sensor impedance can then be detected as delayed amplitude variations in a received RF signal. In this manner, the sensor impedance can be measured back at the receiver.
As will be discussed quantitatively in the next section, the SAW sensor must respond with great efficiency to a weak RF signal in order to be detected by the receiver. Each electronic transaction weakens the RF signal. However, a proper application of a narrowband SAW filter enables clear reception and measurement of the sensor impedance.
For SAW-based sensors, the tag modifies the signal that impinges on its antenna by two mechanisms. The first mechanism can be understood from conventional radar theory and is called backscatter modulation. Any reflector in the path of a radar beam can be thought of as an antenna. If an antenna within the path of that radar beam is tuned to the frequency of the radar, then that antenna will have a large scatter aperture (or radar cross section) for that radar. The scatter aperture is a measure of the power that is reflected from the antenna. The scatter aperture for an antenna will vary depending on the resonance characteristics of that antenna.
The resonance of the antenna varies with the impedance connected to the antenna. If the scatter aperture for an antenna connected to a 50Q is given by Aopt, then the scatter aperture will vary from 0 to 4Aopt as the antenna's load impedance is changed from an open to a short. If the load impedance is varied by an impedance-changing sensor, then the sensor output can be detected back at the radar receiver. Using backscatter modulation variations alone to wirelessly sense impedance variations is prone to errors, as other changes within the scene can cause significant reflectance variations.
The SAW filter provides a second, much more dependable means of measuring the sensor variations. The SAW filter is an acoustic device that delays the reflected signal from its output port. This delayed signal contains the sensor measurement information. Since it is acoustically delayed with respect to the original RF excitation signal, it can be read after all radar reflections induced within the vicinity of the transmitter have dissipated.
The Saw Device
The key to the passive tag sensor is the SAW filter. A two-port SAW filter appears as two comb-like metal structures deposited on a piezoelectric crystal surface ( fig. 2) . The first comb-like structure, designated as the input port and called an interdigitated transducer (IDT), serves as a transducer to convert long wavelength radio waves to very short wavelength acoustic waves. The second comb-like structure, designated as the output port and also called an IDT, serves both as a signal-processing device and as a transducer to convert the acoustic waves back into an electromagnetic signal. The primary advantage of the SAW is its ability to perform signal processing in a physically compressed space. For The SAW receives energy from the radar beam and temporarily stores it in the form of an acoustic wave. The acoustic wave travels across the SAW, reflects off of the back IDT, and then is re-transmitted by the antenna. The reflected signal finally re-emitted by the antenna is smaller than the initially received signal by 10-20dB, but it is re-transmitted after all other radar reflections have disappeared. As a consequence, the signal from the SAW stands out strongly. In addition, the magnitude and phase of the acoustic reflection are strong functions of the load impedance connected across the SAW back transducer. This means that a sensor variable load impedance will modulate the SAW's acoustic reflection coefficient. The modulations of the reflection coefficient then, in turn, modulate a re-transmitted signal out of the antenna that can be intercepted by the radar receiver.
The SAW's acoustic reflectivity, Pacoustic, is given as a function of load impedance Zload by [4] Pacoustic 
where Zload is the electrical impedance connected to the back transducer, Ztransducer is the electrical impedance of the transducer alone, and K is the SAW electro-acoustic coupling coefficient. If Popt is the reflectance for a matched transducer, the reflectivity can vary from 0 to 6POpt as the back impedance changes. The result is that sensor impedance changes can be wirelessly measured at the receiver. This effect can be enhanced by use of a reference SAW attached to the same antenna but also attached to a reference load impedance in the same tag. The difference between the modulated load impedance and the reference load impedance will show up as a measurable difference in received signal amplitudes. Since the relative time delay between the reference and the modulated signals is a known constant, a precise measurement can be made. By using acoustically delayed reflections at low frequencies one can measure sensors at a significant range. Some actual measured values are included below for reference. The range, r, at which the tag modulations can be measured, is given by the radar equation as .7| s 212'SNR*kTBF (2) with X being wavelength (= 4.3m at 69MHz), Gt being transmitter antenna gain (= 1.64 for a dipole), G, being the receiver antenna gain (= 1.64 for a dipole), Gs being the tag antenna gain ( 1.64 for a dipole), S21 being the SAW filter insertion loss ( 13dB as measured), kT (= 4.14 e-21 J), B being the receiver bandwidth (= 600kHz as measured), F being the receiver noise figure (= 3dB), SNR being the minimum detection signal-to-noise ratio (= 50dB), and PO being the transmitted power. Note that the minimum detection SNR (50dB) is much higher for a sensing application than the SNR required for an identification application (6dB). The SNR chosen here is that required to obtain an 8-bit resolution of the received and detected sensor output. This choice is reasonable for many applications but is still somewhat arbitrary. Some applications may require greater SNR, many will require less. It is important to make an accurate and reasonable estimate of the required sensor resolution, as this will limit the range of detection.
For the actual measured values already given the detection ranges are as follows: Figure 3 : SAW Measurement Tag with a High Impedance Sensor interface the accelerometer to the low impedance SAW IDT. The delayed response has a peak magnitude of about 8OmV, corresponding to an open circuit condition. The configuration provides signal integration, so that the charge from the shock acceleration is stored and made available for about 1 second. This time constant can be varied from a maximum of about 1 second to as fast as the time constant of the shock or the accelerometer, whichever is slower. As with the switch, an amplitude comparison between the reference and measurement signals gives a measurement of impedance that is independent of RF reflectance variations.
Received signal response with no shock.
Received signal response under shock conditions. The results of remotely measuring a photodetector using the same methodology are shown in figure 6. The photodetector used here was a CdS photoconductor with an impedance that varies between 400Q under dim light to 35Q when placed directly under a 60W bulb. The results are similar to those described for the previous sensors, though the amplitude variation is not quite as large since the "short" condition is still closer to 50Q than to OQ. Under dim light, the tag delayed response is about 6OmV peak-to-peak. Under bright light, the tag delayed response decreases to about 4OmV. More signal response can be obtained using a photodetector with lower impedance, or by using an impedance transforming device to interface to the detector. Results from tests of other sensors are similar to the three cases just presented. Impedance variations lead to variations in delayed responses in the received signals. These are easily detected using the approach outlined.
All sensor responses must be calibrated as a wireless system. Original sensor calibrations will be rendered inaccurate by changing to the wireless readout. So, in order to obtain accurate measurement data, the sensor must be calibrated while it is embedded in the wireless measurement system.
Conclusion
An overview of the basic physics and electronics behind passive remote sensing has been presented. With an extension, this becomes an approach to enable the wireless measurement of any passive impedance varying sensor. Measurements using a wide variety of sensors have been accomplished using FCC-approved power levels at 10m. The use of an impedance-transforming device has been shown to enable the use of high impedance sensors including piezoand pyroelectric devices.
